Introduction

I
n vitro culture of cell aggregates allows generation of structures resembling tissues, with regard to the cell shape, cellular environment, and cell-cell or cell-matrix interactions. 1 There is increasing interest in such three-dimensional (3D) aggregate cultures using various cell types, because they are a useful adjunct to traditional culture systems and animal experiments. 2 For instance, in vitro 3D cultures have been used to test biomolecules and to study cell proliferation and differentiation, extracellular matrix (ECM) organization, and cell interactions with the pericellular environment. 3 Interest in aggregate or pellet culture of chondrocytes has arisen recently because these 3D culture techniques promote phenotype maintenance of chondrocytes. For example, chondrocytes grown in aggregates or pellets exhibited a rounded cell morphology, maintenance of type II collagen expression, and a cartilage-like matrix composition and ultrastructure. [4] [5] [6] [7] [8] [9] This approach, which enables dispersed cells to re-aggregate and to generate a tissue-like construct, is a promising tissue engineering approach that does not require any additional biomaterial or scaffold. For instance, these aggregates were proven to be good in vitro models 10, 11 and were also tested for cell transplantation therapies. 12 However, one major concern when culturing chondrocytes in suspension is that cells condense to produce large aggregates, 13, 14 leading to nutrient diffusion limitations and loss of culture homogeneity. An efficient approach to minimizing cell aggregation and aggregate size is the use of a serum-free medium (SFM). 9 In addition, the shear stress generated in a stirred bioreactor system, 15 which could simultaneously improve nutrient transfer and mechanically stimulate cells, 16 could further control aggregate size.
Therefore, in the current study, we hypothesized that the culture of chondrocytes within the 3D physiological environment of cell aggregates in SFM previously optimized for chondrocyte suspension culture 9 and inside a dynamic, continuously stirred bioreactor would simultaneously permit phenotype maintenance and chondrocyte proliferation with a controlled aggregate size. To generate a stirred environment, spinner flasks were used as bioreactors with controlled stirring speed, temperature, and gas phase composition. Because high shear stress can be detrimental to cells in spinner flasks, the shear protectant Pluronic F-68 (PF-68) was added to some cultures. PF-68 is a shear protective agent known to limit cell death in mechanically agitated gas-sparged bioreactors 17 and is particularly useful in serum-free culture media. 18, 19 We have previously shown that chondrocytes take up PF-68 but that it has no other evident effects on chondrocyte behavior in static or orbitally agitated suspension systems. 20 Chondrocyte cultures were performed in the optimized serum-free control medium (CTR medium) with and without 0.05% (w=v) PF-68 (PF-68 medium). In addition a third culture condition was examined in which the PF-68-supplemented medium contained a 10 times greater concentration of growth factors.
Material and Methods
Culture media
The SFM was a 1=1 (v=v) mix of calcium-free Ham's F12 medium (U.S. Biological, Swampscott, MA) and calcium-free low-glucose Dulbecco's modified Eagle medium (DMEM; U.S. Biological) supplemented with 1 mM calcium chloride, 0.4 mM proline, 1.5 mM glutamine, 22 mM sodium bicarbonate, non-essential amino acids 1X, penicillin-streptomycin 1X. Supplemented SFM used as control medium (CTR) was SFM with ITSþ 1 (Sigma-Aldrich, Oakville, Canada); epidermal growth factor, platelet-derived growth factor-BB, and basic fibroblast growth factor all 2 ng=mL (R&D Systems, Minneapolis, MN), 10 À8 M dexamethasone, 5Â10 À5 M bmercaptoethanol, and 30 mg=mL ascorbate, added fresh. CTR with PF-68 (PF-68) was CTR as defined above with 0.05% (w=v) PF-68. CTR with PF-68=10ÂGF (PF-68=10ÂGF) was the same as PF-68 but with 10 times greater growth factor concentrations (20 ng=mL). Serum-containing medium (SCM) was composed of high-glucose DMEM (Invitrogen, Burlington, Canada) supplemented with 0.4 mM proline, 2 mM glutamine, 44 mM sodium bicarbonate, non-essential amino acids 1X, penicillin-streptomycin 1X, and 10% fetal bovine serum (FBS); 30 mg=mL ascorbate was added fresh.
Cell isolation and culture
Cells were isolated from the femoropatellar groove of a 1-to 2-month-old calf knee obtained from a local butcher within 24 h of slaughter. Briefly, cartilage was sequentially digested, first for 90 min using protease Type XIV (Sigma-Aldrich Canada) 56 U=mL in high glucose DMEM with 44 mM sodium bicarbonate and penicillin-streptomycin 1X at 378C, then for 3 h using collagenase CLS2 (Worthington, Lakewood, NJ) 752 U=mL at 378C in the same medium with 5% FBS. Released cells were filtered through a 380-mm mesh (SigmaAldrich Canada), and then through 100-and 200-mm nylon filters (Spectrum Laboratories, Rancho Dominguez, CA). Cells were then washed three times in SFM and seeded at 200,000 cells=mL in three spinner flasks (Bellco, Vineland, NJ), one each containing the CTR, PF-68, or PF-68=10ÂGF medium, in a total medium volume of 100 mL. Each spinner was equipped with a custom-made glass stirring shaft consisting of four 458 angled paddles that rotated clockwise at 60 rpm. All surfaces of the spinner that were in contact with the cell suspension were made of glass and were siliconized with Sigmacote (Sigma-Aldrich Canada) before culture to prevent cell adhesion. Temperature and pH control were achieved by placing the spinner, with loosened arm caps to enable gas exchange, in a 378C incubator with 5% carbon dioxide. To ensure reproducibility, the reported data from these three spinner cultures were compared with two previous spinner culture experiments performed under the same conditions with the PF-68 medium. Spinner cultures were also compared with standard monolayer culture, performed in triplicate, in 60-mm Petri dishes inoculated with 800,000 cells in SCM. Fresh ascorbate at 30 mg=mL was added daily for spinner and monolayer cultures.
Culture sampling
Daily sampling was achieved by harvesting 1 mL of suspension culture medium from each spinner for microscopic observation using an inverted microscope (Axiovert S100TV, Carl Zeiss, Toronto, Canada) in Kohler transmission mode. Images were acquired using a digital camera and Northern Eclipse Software (Empix Imaging, Mississauga, Canada), and aggregate size was evaluated using the Line Measure software tool by randomly selecting a minimum of 16 aggregates in several fields of view and measuring the largest lateral dimension. The suspension was then divided into two 500-mL volumes and centrifuged at 300 g for 5 min; the supernatant was frozen and stored until further analysis, and the pellets were processed for cell viability and quantification of aggregation (see below). After 7 days of culture, the entire remaining volume of the spinner culture (*90 mL) was divided into four parts, with particular care taken to evenly distribute cells in each part. One part was lysed in 500 mL of a guanidine isothiocyanate (GITC) solution (4 M GITC, 50mM Tris, 1 mM ethylenediaminetetraacetic acid (EDTA)) for DNA analyses (see Cell count in spinner flasks below), a second part in 500 mL of a guanidium hydrochloride (GuCl) solution (4 M GuCl, 50 mM Tris, 1 mM EDTA) for glycosaminoglycan (GAG) analysis, and a third part in lysis buffer for RNA extraction for quantitative reverse transcriptase polymerase chain reaction (qRT-PCR; see below).
In monolayer culture, after 7 days with no passaging, culture medium from three independent replicate dishes was sampled by taking 1 mL for glucose, glutamine, lactate, ammonia, and GAG analyses. Afterward, all three dishes were harvested with trypsin=EDTA to estimate cell concentration and viability. Three other dishes were lysed in lysis buffer for RNA extraction for qRT-PCR (see below).
Cell viability and estimation of aggregation in spinner flasks
As described above, the 1-mL sample from each daily harvest was divided equally and centrifuged. The first pellet was resuspended and used to count single cells only using a hemocytometer. The second pellet was digested using 752 U=mL collagenase CLS2 (Worthington) to release cells from aggregates before cell counting. Viability was assessed using the Trypan blue exclusion dye on both pellets. An estimate of aggregation was calculated as (digested pellet cell count À undigested single cell count) Â 100=(digested pellet cell count). This method was not used to calculate cell concentration in the spinner since the sampling was not consistent because of aggregate decantation in the spinner and pipettes.
Cell count in spinner flasks
Cell number was estimated at day 7 using DNA quantification with Hoechst 33258 (Molecular Probes, Burlington, Canada) on GITC extracts as described previously. 21 Results were compared with a standard curve made with known cell
numbers. An extra standard curve was also realized in the presence of PF-68. No interference of PF-68 on Hoechst 33258 fluorescence was observed.
Glucose, glutamine, lactate, ammonia, and GAG assays Glucose, glutamine, lactate, and ammonia concentrations in the culture media were determined using enzymatic assays (glucose assay kit GAHK-20, glutamine assay kit GLN-2, ammonia assay kit AA0100, all from Sigma-Aldrich Canada; lactate assay kit 735-11 from Trinity Biotech, Bray, Ireland). The dimethylmethylene blue (DMMB) assay was used to quantify GAG in the culture media or in GuCl extracts as previously described 21 using standard curves of chondroitin sulfate C (Sigma-Aldrich, Oakville, Canada) in the presence and absence of Pluronic 0.05% (w=v). PF68 was found not to interfere with these assays. Because cell concentration was measured only at days 0 and 7, specific nutrient consumption and metabolite production rates were calculated using these two data points.
Quantitative reverse transcriptase polymerase chain reaction
Total RNA was isolated using the RPN kit (Sigma-Aldrich Canada). Reverse transcription and composition of the PCR mix are described elsewhere. 9 Primers are depicted in Table  1 . Quantitative PCR in the RotorGene 6000 (Corbett Research) began with a 5-min denaturation step at 948C, followed by seven cycles with a touchdown between 658C and 598C and then 40 cycles of classic PCR with a melting temperature of 598C. A fluorescence reading was performed for each cycle at 728C. The run ended with an increase in temperature from 728C to 998C to obtain the melting curve. Relative messenger RNA (mRNA) abundance was calculated following the Liu and Saint method, 22 with Ef1 a as the housekeeping gene to calculate relative mRNA expression. 
Immunochemistry
Chondrocyte aggregates were fixed in 0.4% paraformaldehyde, blocked with 10% v=v goat serum, and stained for the antigens described Table 2 , with the primary antibody incubated overnight at 48C and the secondary antibody incubated 2 h at room temperature. All samples were counterstained for actin with Phalloidin-Alexa 488 (1=40, Molecular Probes). The nucleus was stained with Hoechst 33258 (0.5 mg=mL, Molecular Probes). Samples were mounted in 16.7% (w=v) Mowiol 4-88 (Fluka, Oakville, Canada), 33.3% (v=v) glycerol, 0.75 % (w=v) n-propyl gallate in phosphate buffered saline. Confocal microscopy was performed using an LSM 510 META (Carl Zeiss, Toronto, Canada).
Statistical analysis
All measurements from spinner cultures were performed in triplicate from the same culture volume. Triplicate monolayer cultures were sampled independently. For spinner cultures, standard errors of the mean (SEMs) were calculated for endpoint measurements only (such as DNA and GAG assays), for which no other time points were sampled. For qRT-PCR, SEM obtained for monolayer cultures and freshly isolated cells allowed measurement error to be evaluated.
Results
In this work, three spinner cultures were performed with three slightly different culture media. The SFM previously described in Gigout et al. 9 and supplemented with a shearprotectant PF-68 (PF-68) was used here to reproduce previous results obtained with chondrocytes from a different cell isolation. Because results were similar between these two cell isolations, only those for the isolation comparing the three distinct culture media are reported, including the control medium in the absence of PF-68 (CTR) and the PF-68-containing medium with a higher growth factor concentration (PF-68=10ÂGF medium).
Chondrocytes aggregate and proliferate in spinner flasks with PF-68 in serum-free medium Chondrocytes aggregated and generated dense structures of several micrometers in mean diameter in spinner flask suspension cultures (Fig. 1) . The aggregates in the control culture (CTR) had an average size of 171 AE 44 mm (n ¼ 16) and were smaller ( p < 0.005) than in the PF-68 and PF-68=10ÂGF cultures, where average aggregate sizes were 257 AE 75 mm (n ¼ 17) and 373 AE 138 mm (n ¼ 18), respectively (Fig. 1) . Cell aggregation was rapid in all suspension cultures, with aggregation percentages reaching 72.3%, 86.3%, and 85.5% after 24 h in the CTR, PF-68, and PF-68=10ÂGF cultures, respectively, and remained high throughout the culture (Fig. 2A) . Cell viability was found to be higher than 95% in all spinners. However, single cells, not in the aggregates, exhibited lower viability (Fig. 2B) . Cell proliferation was observed in the two spinners containing PF-68, where cell concentration almost doubled after 7 days of culture (Fig.  2C) . Growth in monolayer was about 2.5 times as fast (see doubling times in Table 3 ).
PF-68 and GF concentrations affect GAG production GAG concentration continuously increased in all culture media with time (Fig. 3A) , to reach 2.54, 2.64, and 2.26 mg= spinner after 7 days in CTR, PF-68, and PF-68=10ÂGF, respectively. Total GAG content (released in the medium plus in cell aggregates) was 4.64, 3.51, and 4.7 mg=spinner, in CTR, PF-68, and PF-68=10 Â GF cultures, respectively (Fig. 3B) . As for freshly isolated chondrocytes, cells cultured in the spinner were found to synthesize aggrecan mRNA (Fig. 3C) , whereas versican expression was low (data not shown). Alternatively, in the monolayer culture, aggrecan expression was weak in spite of the high sulfated GAG synthesis observed in this condition (Table 3) , which was 10 times as high as in the spinners. The loss of this cartilagespecific proteoglycan is an indicator of dedifferentiation.
Chondrocytic phenotype is maintained in all three media in spinner cultures
Expression of ECM molecules was analyzed using qRT-PCR (Fig. 4A) . Collagen II, the hallmark of the chondrocytic phenotype, was found to be expressed in all culture conditions, but collagen I, a marker of chondrocyte dedifferentiation, was found to be highly expressed in cells cultured in monolayer. It was barely detected in the CTR and PF-68 spinner cultures and was not detected at all in PF-68= 10ÂGF or in freshly isolated chondrocytes. The ratio of collagen II to I was consequently much higher in suspension cultures than in monolayer culture (Table 3) . Using immunostaining, collagen I was not detected in the cell aggregates generated in the spinner (not shown), but collagen II was positively stained (Fig. 4B) and was found to fill the space between cells. Collagen VI and IX, as well as cartilage oligomeric matrix protein (COMP), which all participate in matrix organization in intact cartilage, were also detected using qRT-PCR in cells cultured in the spinner for the three different media. In addition, fibronectin was expressed in all conditions, and immunostaining (not shown) revealed its presence in small amounts, mainly at the periphery of the aggregates.
Chondrocytes cultured in spinner culture express the chondrogenic integrin a10
Expression of integrin subunits b1, a1, À2, À5, À10, and À11 were analyzed using qRT-PCR (Fig. 5A) . mRNA qRT-PCR analysis and immunostaining (Fig. 5B) , which exhibited a strong pericellular staining consistent with b1-containing integrins being involved in cell-matrix interactions, revealed integrin b1 expression in all cultures. These images also reveal differences in cell morphology for the different culture media. Chondrocytes cultured in CTR and PF-68 media were 
FIG. 2. (A)
Cell aggregation was evaluated daily in each of the three spinner culture media (CTR, PF-68 and PF-68= 10ÂGF, described in Materials and Methods) by comparing single cell number to that released from aggregates by enzyme dissociation. (B) Viability of single (non-aggregated) and total cells (single cells and in aggregates) was estimated by trypan blue exclusion of un-dissociated or enzymatically dissociated cell suspension. (C) Total cell number was measured at day 0 by cell counting and at day 7 by DNA quantification followed by conversion into cell number using a standard curve with known cell concentrations. Results are means AE standard errors of the mean of three different measurements.
more elongated than those in PF-68=10ÂGF, which maintained the most-spherical morphology (Fig. 5B) . Furthermore, a higher cell density was observed in aggregates cultured in the presence of PF-68, an observation that affirms the higher cell numbers on day 7 for the spinner cultures containing PF-68 (Fig. 2C) . Integrin subunits a2 and a11 were expressed at low levels in all cultures, whereas integrins a5 and a10 expression patterns were similar, with integrin a10 exhibiting a higher relative abundance, indicating that it was the most highly expressed a subunit in chondrocytes cultured in spinner flasks (Fig. 5A) . Finally, direct cell-cell adhesion molecules such as N-cadherin and neural cell adhesion molecule (NCAM) were also analyzed and only detected in small amounts (mRNA abundance in the order of 10
À4
, not shown).
Discussion
Spinner culture enables simultaneous cell proliferation and maintenance of chondrocyte phenotype Consistent cell and aggregate behavior was observed in the three culture media (CTR, PF-68, and PF-68= 10ÂGF), enabling the following general conclusions to be drawn. i) Chondrocytes aggregate quickly and remained viable over a 7-day period (viability >95 % Fig. 2) . ii) Cells aggregates are smaller (170-230 mm) than these obtained under static conditions (usually several mm) 9 and are compatible with an efficient nutrient transfer. 23, 24 iii) Metabolic activity is similar in the three media (Table 3) iv) A high collagen type II to I ratio ( Fig. 5 ) and moresustained aggrecan expression (Fig. 3C ) than in monolayer culture was observed in spinners.
The high ratio of collagen II to I mRNA, along with high aggrecan mRNA synthesis, demonstrated maintenance of the chondrocyte phenotype. A lack of immunostaining for collagen I in aggregates further confirmed this, whereas collagen II gave strong immunostaining spanning the intracellular space. The chondrocyte phenotype was particularly well preserved in the PF-68=10ÂGF culture, where no collagen I mRNA expression could be detected and the cells showed a round morphology (Fig. 4B) . The results obtained in the three spinners are different from results of other similar studies in Standard errors (SEM) are calculated from 3 different measurements for each single spinner culture, and from 3 independent monolayer cultures. *Rates in mmol=million cells=7 days, {rates in mg=million cells=7 days, {þ? means collagen I was not detected.
FIG. 3. (A)
Released glycosaminoglycan (GAG) concentration measured daily in the culture medium of the three spinners (CTR, PF-68 and PF-68=10ÂGF, described in Materials and Methods) and (B) total GAG synthesis released in the medium plus GAG retained in aggregates by cells cultured 7 days in the three different media. Results are means AE standard errors of the mean of three different measurements. (C) Messenger RNA expression of aggrecan using qRT-PCR at day 7, by chondrocytes in spinner cultured in the three different serum-free media, by freshly isolated chondrocytes (FICs), and by chondrocytes cultured 7 days in monolayer.
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which collagen type I was always detected when assessed (see Table 4 ). Cell proliferation was only observed in media containing PF-68 in which the total estimated cell number almost doubled (1.9Â) in 7 days. This result is unequalled in other studies (Table 4) , because after 7 days in SFM, cell expansion was similar to that seen by others after 3 to 6 weeks in scaffold-based cultures containing 10% serum. PF-68 is not usually directly associated with an increase in cell growth rate, although this has been occasionally reported. 25, 26 In the present work, we demonstrated that PF-68 at 0.05% (w=v) in combination with a calcium-containing SFM stimulated chondrocyte proliferation simultaneous with maintenance of chondrocyte phenotype.
Chondrocytes in spinner culture express a cartilaginous ECM and chondrogenic surface markers
The GAG content obtained in spinner cultures is lower than that obtained in scaffold cultures, in which GAG content ranged from 110 to 800 mg=million cells (Table 4 ), in part because of the scaffold retaining synthesized GAG. However, culture duration in this work was relatively short compared with the 3 to 6 weeks in the literature. In addition, significant GAG release to the medium was observed. Similar results were already noticed in spinner cultures, with as high as 92% of total GAG released to the medium under stirred conditions. 27 Concerning collagen expression, chondrocytes in spinner expressed mainly collagen II, followed by collagen IX and VI, maintaining relative proportions similar to those in situ. 28 In addition, COMP (or thrombospondin V), which is known to catalyze collagen fibril assembly, 29 was also detected using PCR in spinner cultures, as was fibronectin. Stewart et al., 5 who detected collagen II and fibronectin expression in chondrocytes aggregates with low levels of collagen I, obtained compatible results. Collagen II, IX, and VI; fibronectin; and GAG are all components of the pericellular and territorial matrix of chondrocytes, sometimes called the chondron, 30, 31 and their presence in aggregates supports the notion that aggregate culture presents a pericellular environment that is similar to in situ physiological conditions. On the other hand, chondrocytes cultured in spinner express surface markers typical of differentiated chondrocytes.
FIG. 4. (A)
Messenger RNA expression of collagen I, II, VI, and IX, of fibronectin and COMP using qRT-PCR at day 7, by chondrocytes in spinner cultured in three different serum-free media (CTR, PF-68 and PF-68=10ÂGF, described in Materials and Methods), by freshly isolated chondrocytes (FICs), and by chondrocytes cultured 7 days in monolayer. (B) Immunostaining for collagen type II counterstained for actin and the nucleus of aggregates sampled in the three different spinner cultures at day 7 and imaged using confocal microscopy. Color images available online at www.liebertonline .com=ten.
The a10 subunit, which is believed to be the major receptor for collagen II in chondrocytes [32] [33] [34] and is known to be highly expressed in differentiated chondrocytes and chondrogenic cells, [35] [36] [37] showed the highest expression levels of all a subunits analyzed. Furthermore, direct cell-cell adhesion molecules such as N-cadherin and NCAM were detected in only low amounts, which was expected because differentiated chondrocytes in cartilage do not express those molecules. [38] [39] [40] Potential for use of aggregates cultured in stirred suspension for tissue engineering
One of the objectives of tissue engineering is the generation of in vitro models, representative and consistent with the in vivo situation. Monolayer culture, because of its twodimensional character and the resulting cell dedifferentiation, is of limited utility. On the other hand, scaffold-microcarrier culture enables phenotype preservation and synthesis of a cartilage-like matrix, 41 but the chosen scaffold can also influence matrix synthesis, cell proliferation, and gene expression. 42 Moreover, because it involves an exogenous material, a scaffold system is not representative of the in situ situation. In contrast, aggregates are only composed of a ''chondrocyte-made'' matrix, which shares many biochemical and structural features with cartilage and contains differentiated chondrocytes. In addition, with aggregates, no enzyme-digestion step is necessary (to retrieve cells from Cytodex or Cellagen microcarriers 43, 44 ) , and the non-homogeneity resulting from diffusion limitation 24 throughout the constructs is minimized. However, as for microcarriers, the use of a spinner flask enables tight control of culture conditions and good mixing of gases and nutrients and may generate beneficial cell mechanostimulation by shear forces. 16, 41 Therefore, this stirred suspension system is promising and adequate for the culture of small chondrocyte aggregates, which are valuable in vitro models mimicking the in vivo situation.
Concerning their use in tissue repair and regeneration, the results obtained so far with chondrocyte aggregates are insufficient to assess their relevance as an implant for cartilage repair, although it has been done once, to our knowledge, in rats. 12 However, for the same reasons mentioned above, aggregates could be an interesting alternative to conventional matrix-induced chondrocyte implantation (MACI), although further studies are needed. Such a system may have a chondrocyte amplification requirement that is lower than for classical matrix autologous
FIG. 5. (A)
Messenger RNA expression analysis of integrin b1, a1, a2, a5, a10, and a11 using qRT-PCR at day 7, by chondrocytes cultured in the three different media in spinner (CTR, PF-68 and PF-68=10ÂGF, described in Materials and Methods), by freshly isolated chondrocytes (FICs), and by chondrocytes cultured 7 days in monolayer. (B) Immunostaining for integrin b1 counterstained for actin and the nucleus of aggregates sampled at day 7 in the three different spinner cultures and imaged using confocal microscopy. Color images available online at www.liebertonline .com=ten.
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All studies were performed with articular chondrocytes from calves a few months old, excepted in reference 50 (human fetal epiphyseal chondrocytes, passaged twice before seeding) and in reference 27 (articular cartilage from 7 day old rats). chondrocyte implantation, because in aggregates, cells are already in a differentiated state and are surrounded with an ECM.
Study limitations
Our study was performed with bovine cells that are easy to obtain in large quantities. The literature on human cartilage cells in suspension reveals that they tend to behave similarly to bovine chondrocytes cultured in similar conditions. For instance, as with bovine cells, human chondrocytes cultured in static suspension aggregate into large clusters containing spherical cells with a stable phenotype embedded in an abundant ECM composed of collagens and proteoglycans. 45, 46 They also express collagens II, XI, and IX but not collagen I, and cell concentration tripled in 20 days. 45 Similar behavior can therefore be anticipated for human and bovine cells when cultured in suspension.
Conclusion
Spinner culture in a specifically designed medium enabled the culture of chondrocyte aggregates with high viability; cartilaginous matrix synthesis; maintenance of chondrocyte phenotype; and when PF-68 was present, significant cell proliferation over 7 days. Cell aggregates were 170 to 370 mm in size, allowing nutrient mass transfer, including dissolved gases, to all cells. Aggregating differentiated chondrocytesynthesized matrix molecules and integrin receptors that corresponded closely to those found in cartilage. We found that the cell aggregate environment closely mimicked the in vivo pericellular environment of chondrocytes in terms of matrix molecules and integrin receptors, such that chondrocytes in aggregates should be a good model for in situ cell behavior. The ability to proliferate phenotypically stable chondrocytes and the close-to-physiological character of this culture system indicate that it may be of practical use in attaining greater numbers of differentiated chondrocytes and examining basic aspects of cartilage biology. Aggregate use for cartilage repair is possible and needs to be further examined.
